Analyses, by construction of phage growth curves, indicated that the polysaccharide depolymerase was synthesized by Pseudomonas In a previous paper, evidence was presented for the existence of a polysaccharide depolymerase in phage lysates of Pseudomonas aeruginosa (4). Reaction of this enzyme with polysaccharide obtained from the slime layer of this organism resulted in a decreased viscosity and increased levels of hexosamines, hexoses, and reducing substances. Subsequently, the polysaccharide depolymerase was purified 1,688-fold from crude lysates by conventional methods of protein fractionation (3). Maximal enzymatic activity of the purified enzyme was found at pH 7.5, and, on the basis of gel filtration data, the molecular weight was estimated to be 180,000. We have begun to investigate the problem of the origin of this hydrolytic enzyme and its functional role in the virus life cycle. Evidence presented in this paper strongly suggests that the polysaccharide depolymerase, which is recovered from crude lysates of P. aeruginosa after infection with phage 2, results from de novo synthesis of a phage-directed protein.
In a previous paper, evidence was presented for the existence of a polysaccharide depolymerase in phage lysates of Pseudomonas aeruginosa (4) . Reaction of this enzyme with polysaccharide obtained from the slime layer of this organism resulted in a decreased viscosity and increased levels of hexosamines, hexoses, and reducing substances. Subsequently, the polysaccharide depolymerase was purified 1,688-fold from crude lysates by conventional methods of protein fractionation (3) . Maximal enzymatic activity of the purified enzyme was found at pH 7.5, and, on the basis of gel filtration data, the molecular weight was estimated to be 180,000. We have begun to investigate the problem of the origin of this hydrolytic enzyme and its functional role in the virus life cycle. Evidence presented in this paper strongly suggests that the polysaccharide depolymerase, which is recovered from crude lysates of P. aeruginosa after infection with phage 2, results from de novo synthesis of a phage-directed protein.
MATERIALS AND METHODS
Bacterial and phage strains. P. aeruginosa strains B and BI were described previously (4) . Isolation of the auxotrophic mutant of strain BI used in these experiments is described below. Pseudomonas phages 2 and 29 were isolated from lysogenic cultures of strains B and BI, respectively, and phages 84 and 1197 were isolated from other lysogenic cultures of P. aeruginosa.
Media. Trypticase Soy Broth and Agar (BBL) were employed as complete media for bacterial cultivation and phage propagation. The minimal medium described by Freese (7) was also employed in certain experiments. It had the following composition: glucose, 5 g; disodium hydrogen phosphate, 7 g; potassium dihydrogen phosphate, 3 g; ammonium chloride, 1 g; FeCl3-6H2, 0.0003 g; CaCl122H20, 0.015 g; magnesium sulfate, 0.25 g; distilled water, 1 liter; agar (when required), 15 g.
Isolation of auxotrophic mutant strain BI arg-. A modification of the delayed-enrichment technique (9) was employed for the isolation of a nutritionally deficient mutant of strain BI. An 18-hr culture of strain BI was centrifuged at 3,020 X g for 20 min and was washed and resuspended in 0.1 M sodium phosphate-buffered saline, pH 7.5 . Approximately 7 ml of the suspension, containing 4.8 X 107 viable cells per ml, was exposed to ultraviolet (UV) irradiation (Sylvania germicidal lamp, G15T8) at an intensity of 120 jgw/cmO. Irradiation was carried out with agitation of the suspension for 15 sec. Viable counts were made before and after irradiation. These conditions resulted in a surviving fraction of 0.003 of the original suspension. The exposed bacterial suspension was incubated in the dark at room temperature for 2 hr, then at 37 C with aeration for approximately 5 hr; 0.1-ml amounts of various dilutions were placed on sterile cellulose membranes which were positioned on the surface of minimal agar plates. After 48 hr of incubation at 37 C, the cellulose membranes carrying the bacterial colonies were transferred to plates containing complete medium, and the position of the colonies was marked. The plates were again incubated at 37 C. Adams (1) . Lysogenic cultures were induced by UV irradiation. Bacterial cells were first grown in Trypticase Soy Broth to a concentration of S X 108/ml, and then were centrifuged and resuspended in 0.1 M sodium phosphate-buffered saline (pH 7.5). Approximately 7 ml of the buffered suspension, in an exposed petri dish, was irradiated with agitation at 10 juw/cm2 for 20 sec. After irradiation, the bacterial suspension was added to an equal volume of Trypticase Soy Broth (2X) and was incubated at 37 C. In other experiments, approximately 5 X 10°cells/ml, in the exponential phase of growth, were usually infected with phage at a multiplicity of infection (MOI) of 3 to 4. Adsorption, at 37 C for 5 min with gentle shaking, was followed by centrifugation and resuspension of sedimented cells in an original volume of prewarmed broth. Incubation was at 37 C in a shaker water bath. Samples were obtained at various intervals of time, immediately chilled, and centrifuged at 6,000 X g for 10 min at 4 C. Supernatant fluids were assayed for free phage and enzyme. The percentage of uninfected cells was measured directly by plating samples of the culture 5 min after infection. The MOI was determined by the ratio of input phage to bacteria (assuming 90% adsorption) or by counting the number of surviving bacterial colony formers (assuming a Poisson distribution of input phage). Values obtained by these two methods agreed to within 15 to 20%o. The intracellular appearance of phage and enzyme was determined by the disruption of infected cells. At various times, 30-ml samples were withdrawn, chilled, and centrifuged. The sediment was frozen and during thawing was ground in 0.5 ml of distilled water containing 0.5 g of alumina powder (Gamal, Fisher Scientific Co.). Extraction was continued in a total of 5 ml of cold distilled water for 15 min. The extracts were then centrifuged, and the supernatant fluids were assayed. Extracts of uninfected cells were prepared in the same manner. In certain experiments, the effect of chloramphenicol (Calbiochem) on depolymerase synthesis was determined by adding chloramphenicol (100 ,ug/ml) to phage-infected cultures at various times.
Estimation of enzyme activity. Assays were based on the release of hexosamines from slime polysaccharide substrate as previously described (4) . The amount of hexosamine was determined by the method of Elson and Morgan (11) as modified by Boas (5). Progress curves were constructed, and the initial velocity was determined. A unit of enzyme activity is defined as nanomoles of hexosamine released per minute per milligram of protein (or per milliliter of sample). A standard of D-glucosamine hydrochloride (Eastman Organic Chemicals) was included in each hexosamine determination. A method of assay described by Adams and Park (2) was also useful in estimating enzyme activity. The details, as applied to this study, have been described (4) . Briefly, various dilutions of enzyme were observed for their ability to produce a perceptible clearing of the bacterial lawn.
RESULTS
Infection by phage 2 as a specific requirement for the synthesis of polysaccharide depolymerase. Formation of the polysaccharide depolymerase was routinely observed in lysates of P. aeruginosa strain B, which carries phage 2 as prophage, after induction by UV irradiation (Fig. 1) . Depolymerase activity was detected 90 min after irradiation and sharply increased to a maximal concentration during the following 30 to 40 min. During the same period of time, there was almost a 3-log increase in the number of infective phage 2 particles released by the induced cells.
A similar response was observed when P. aeruginosa strain BI was infected with phage 2 (Fig. 2) It was of interest to determine w] phage and enzyme were first detec cellularly. The disruption of infecti various time intervals after infectic the presence of depolymerase and ms in the 50-min sample (Fig. 3) . The enzyme and mature phage in the 40-was further confirmed by concentr samples 10-fold before assay. Supern ant amount and extracts prepared from uninfected cultures thereafter of strain BI in the logarithmic phase of growth As in the and early in the stationary phase of growth -polymerase were repeatedly examined and found to be ease in the devoid of depolymerase activity. However, ig maximal cultivation of strain B eventually resulted in their initial detectable levels of depolymerase. This, of course, could be related to the spontaneous induction hen mature of strain B, resulting in the synthesis of both table intra-phage and depolymerase. Experiments were also ed cells at conducted to determine whether phage 2 inrn revealed fection might induce the synthesis of a substance ature phage which, in turn, causes the activation of a latent absence of or repressed enzyme. When extracts of uninfected min sample cells were mixed, in varying proportions, with *ating these extracts of phage 2-infected cells, no increase or atant fluids decrease of depolymerase activity was observed.
Thus 
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This hypothesis was partially corroborated by > the following experiments. Infection of P. aeruginosa strains B and BI L < by other Pseudomonas phages was studied to 0 W determine whether depolymerase synthesis was a a specific response to phage 2 infection, or whether it might be a more general response of these host (min) cells to phage infection. Therefore, strain BI was infected with phage 84. Although high conid phage 2 in centrations of phage 84 were produced, no depolymerase activity was detectable (Fig. 4) . (Fig. 5) .
The nature of the phage 2-ass4 polymerase activity was characterized studying the effects of altering the N exposing phage 2 to UV irradiation MOI was drastically reduced, there longed delay in the appearance of de (Fig. 6) . At culture of the bacteria were infected and significant cons prophage, centrations of depolymerase were measured iough great in the 90-min sample. On the other hand, when iesized, no the MOI was reduced to 0.03, approximately 4 haride de-to 5 % of the bacteria were infected and depolyminfection of erase activity was not detected until 130 min o result in after infection. Thus, the time of appearance of iough high depolymerase in infected cultures and the quane produced tity of depolymerase produced appeared to be influenced by the proportion of bacterial cells ociated de-initially infected by phage 2. Suspensions of phage l further by 2 were irradiated for various periods of time, and 40I and of samples were used to infect cells at a ratio of When the virus to cells of 3 to 4 (Fig. 7) . With the lower was a pro-dose of UV irradiation (5. 5% survival), the ap--polymerase pearance of depolymerase activity was delayed tely 94% of until 120 min after infection, and the concentration of depolymerase finally attained at 150 min approximately 15% were initially infected with 10 w phage exposed to the lower UV dose. In the con- VOL. 3, 1969 synthesis de novo was essential for the appearance of depolymerase activity. In the first experiment, chloramphenicol (100 jg/ml) was added to cultures of strain BI at the time of infection with phage 2. The results (Fig. 8) indicated that synthesis of the depolymerase and of the phage was completely inhibited. The observed effect could not be attributed to a defect in the adsorptive process, since more than 99% adsorption occurred in the presence of chloramphenicol. When chloramphenicol was removed from infected cultures after a 10-min exposure, synthesis of depolymerase and phage was resumed after a slight delay. This effect was also demonstrable when chloramphenicol was removed from infected cultures after a more prolonged exposure of 30 min. In other experiments, the addition of chloramphenicol was delayed until 40, 65, and 90 min after infection. Depolymerase activity was not detectable in infected cultures when an inhibitory concentration of chloramphenicol was added 40 min after infection (Fig. 9) . However, when the addition of chloramphenicol was further delayed to 65 min, a small quantity of depolymerase was detectable, and with greater delay (90 min) even higher concentrations of depolymerase were detected in culture fluids.
In the second type of experiment, an auxotrophic mutant of strain BI was infected with phage 2 in the absence of the necessary amino acid (Fig. 10) . When strain BI arg-was infected in the absence of arginine, no depolymerase activity was detectable throughout the 150-min period of observation. However, when the required amino acid was added to the culture 35 min after infection, depolymerase activity was detectable after a slight period of delay. The addition of arginine to uninfected, arginine- starved bacteria had no effect in bringing about the appearance of depolymerase activity. Mutants of phage 2. Plaques of the wild-type phage 2 are surrounded by large halos when this phage is plated on lawns of the sensitive indicator strain BI. The halo effect is caused by the action of the polysaccharide depolymerase, which diffuses from the plaque area and hydrolyzes the slime polysaccharide of the bacteria which surround the plaque (4). Additional evidence supporting the role of the phage genome in the synthesis of the polysaccharide depolymerase was obtained through the isolation of mutant phage. The exposure of phage 2 to ethylmethanesulfonate resulted in the isolation of three types of mutants which were distinguishable on lawns of strain BI (Fig. 11) smaller than the clr or wild-type halos, suggesting an alteration in the quantity or structure of the synthesized enzyme.
DISCUSSION
The experimental results which have been presented strongly support the hypothesis that the polysaccharide depolymerase was synthesized de novo as a phage-directed enzyme protein after infection.
Analyses by construction of phage growth curves indicated that the depolymerase was synthesized by bacterial cultures infected from without or after induction by UV irradiation. In both cases, the appearance of enzyme was preceded by a period of latency during which no enzyme was detectable. Subsequent to its intracellular appearance at approximately 50 min, the release of enzyme by infected cells was observed to occur by 90 min after infection. In these studies, the kinetics of biosynthesis of the depolymerase closely paralleled the rate of formation of phage-directed virions. Although determinations of phage deoxyribonucleic acid synthesis have not been made, it is likely that the polysaccharide depolymerase is a "late" enzyme.
The depolymerase was not detected in uninfected cultures. However, the enzyme and phage were recovered after cultivation of strain B at 37 C, but this is attributable to the spontaneous induction of strain B which carries phage 2 as prophage. A substrate-controlled induction of the depolymerase was not observed, nor was there any experimental evidence for the existence of inhibitors or activators of enzyme activity in extracts of uninfected or infected cells. Infection of strains B and BI by other Pseudomonas phages, 1197 and 84, respectively, did not result in the synthesis of a detectable depolymerase. The induction of strain BI, which carries phage 29 in the prophage state, by UV irradiation also failed to result in the synthesis of depolymerase. Thus, the production of enzyme appears to be a highly specific response following infection of the host cell by phage 2 and cannot be considered a general response of the cell to phage infection. When experimental conditions were altered to reduce the number of bacterial cells initially infected with phage, a proportionate delay in the appearance of enzyme and a decrease in the quantity of enzyme produced, within the time period of the experiments, was observed. Thus, alterations in experimental conditions of infection were reflected by alterations in the synthesis of enzyme. The results of experiments employing chloramphenicol or an auxotrophic mutant of VOL. 3, 1969 strain BI indicated that protein synthesis de novo was essential for synthesis of the depolymerase.
However, the present study does not exclude the possibility that some host cell protein might be incorporated into the final active form of the enzyme. In the present case, in which activity is not detectable in uninfected cells, a similar mechanism could account for the appearance of enzymatic activity after infection. Such a mechanism would postulate the existence, in uninfected cells, of a preformed specific inactive precursor. Mathews, Brown, and Cohen (10) addressed themselves to this problem in the case of deoxycytidylate hydroxymethylase. Cells prelabeled by growth in the presence of methionine-methyl-'4C were infected in nonradioactive medium. The hydroxymethylase purified from these cells was virtually nonradioactive and provided direct evidence that the enzyme was synthesized de novo after infection, and that the host cell did not contribute any preformed enzyme precursor. However, such findings do not exclude the possibility that the host cell possesses the genetic information for enzyme synthesis and that the infection itself activates this process through some process of derepression. In view of our experimental findings, this possibility must be considered remote in the Pseudomonas phage 2 system. Furthermore, the exposure of phage 2 to ethyl methanesulfonate resulted in the isolation of various mutants which altered the synthesis of polysaccharide depolymerase and thereby provided strong support for the role of the phage genome in the synthesis of this enzyme.
